The dry-weight yield of bacterial cells per mole of adenosine triphosphate [Y (ATP)] generated from the catabolism of an energy source is assumed to be constant. A generally accepted value of 10.5 (2, 5) has been used as a biological constant in the elucidation of unknown metabolic pathways (10, 11, 24, 28, 31 (2) found that one organism, Propionibacterium pentosaceum, gave yields approximately twice those from Streptococcus faecalis or Saccharomyces cerevisiae. From the average value of 10.5 they had found for Y (ATP), the high yield from P. pentosaceum could not be accounted for by known anaerobic pathways. Gunsalus and Shuster (10) theorized that microorganisms should be able to synthesize 33 Hobson (14) found Y (glucose) to be 62 for Selenomonas ruminantium var. lactyliticas growing anaerobically in continuous culture at optimal growth rate. He ruled out the possibility that the high yield was due to the fermentation of lactate and considered 62 to be the correct Y (glucose) value for the organism. He concluded that the organism is able to obtain energy from presently unknown fermentation pathways, or that the generally accepted value of 10.5 for Y (ATP) is not universal. Hungate (16) found the Y (glucose) value for Ruminococcus albus growing in a continuous culture to be 55. Hobson 11.7 ,umoles/ml. From We have studied a rapid decline (autolysis) that occurs in cultures of several lactic acid bacteria immediately after the populations reach maximal concentration (21) . This paper reports the influence of this lysis of cells on the molar growth yields of certain lactic acid bacteria. The yields reported herein are higher than the yields found by Bauchop and Elsden (2) , but are lower than the theoretical limit of Gunsalus and Shuster (10) .
MATERIALS AND METHODS
Organisms. Used in this study were Streptococcus diacetilactis DRCI and 18-16, S. lactis C2, S. cremoris K2E8, and S. faecalis NCTC6783. The cultures were propagated routinely in skim milk fortified with 0.75% nonfat milk solids. Inocula for experiments were prepared by growing the cultures for 8 to 10 hr in appropriate media, separating the cells by centrifugation at 2,000 X g for 20 min, and resuspending them in 0.01 M phosphate buffer, pH 7.0. The incubation temperature was 37 C for S. faecalis and 32 C for the other species.
Media. The partially defined casein-hydrolysate medium (BEO medium) reported by Bauchop and Elsden (2) , adjusted to pH 6.6 or 6.8, was used for most of the experiments with S. faecalis. The acidhydrolyzed Oxoid casein (Consolidated Laboratories, Inc., Chicago Heights, Ill.) included in the medium was treated according to the procedure they described (2) . In some experiments, 10% of acid-hydrolyzed "vitamin-free" casein (Nutritional Biochemical Corp., Cleveland, Ohio) replaced the Oxoid casein hydrolysate (BEV medium). A complex medium and a partially defined casein-hydrolysate medium (HCM medium) were used in studying S. diacetilactis, S. lactis, and S. cremoris. The complex medium contained 1% peptone, 1.5% yeast extract, 0.1% acidhydrolyzed "vitamin-free" casein, 0.2% K2HPO4, 0.025% MgSO4, and 0.2% sodium acetate, adjusted to pH 6.5. The partially defined casein-hydrolysate medium (HCM medium) was that reported by Harvey and Collins (13) growth. There was a linear relationship between dry weight of cells and concentration of the energy source in all experiments, up through a concentration of 5 ,moles/ml for the media containing "vitamin-free" casein (HCM and BEV media) and 10 umoles/ml for the BEO medium which contained Oxoid casein (Fig. 2) . There was slight growth of S. diacetilactis DRCI in the complex medium and of S. faecalis in the BEO medium (without an additional energy source), and the straight-line curves relating dry weight to glucose concentration passed slightly above the origin. However, in HCM and BEV media, there was no growth of S. diacetilactis or S. faecalis without an additional energy source (Fig. 2) .
Molar growth yields for S. diacetilactis DRCI. Table 1 shows yields for S. diacetilactis DRCI in the HCM medium with limiting concentrations of four energy sources. Yields determined with batch cultures were not appreciably different from yields determined in a continuous culture. However, assuming conversion of the sugars to lactic acid via the hexose diphosphate pathway, the results indicated values for Y (ATP) that are 50 to 70% higher than the generally accepted value of 10.5 (2). The high yields could be the result of one or more of the following possibilities. (i) The organism was capable of utilizing for energy some compound(s) in the medium besides the intended energy source, e.g., arginine (2) . ( Absence of energy sources in the basal medium. The possibility that S. diacetilactis DRCI could utilize arginine or some other constituent of the basal medium as an extra source of energy was investigated by using a continuous culture. Since S. faecalis requires a small amount of fermentable carbohydrate (2 to 3 ,umoles of glucose/ml) for utilization of arginine as a source of energy in synthetic media (2, 7, 8) , we included a small amount of glucose (2 ,umoles/ml) in the HCM medium (pH 6.5). When the steady-state population had been reached, the medium was replaced by a new reservoir of the same medium plus arginine (9.0 ,umoles/ml). The OD of the overflow did not increase, which indicates that energy was not obtained from the arginine; but the pH increased to 6.8, indicating that this strain of S. diacetilactis can hydrolyze arginine to citrulline. These results were substantiated by finding that in batch cultures the organism did not produce ammonia from citrulline but did produce ammonia from arginine.
The (Table 2 ; Fig. 2 ), i.e., if yields were determined at the peaks of maximal growth. Autolysis started immediately thereafter for each of these species, including S. faecalis (Fig. 1) . (Fig. 3) . However, growth yields from glucose plus arginine varied with the dilution rate, with a maximum at D = 0.25 hr-' (Fig. 3) . S. faecalis stopped growing when arginine was substituted in place of glucose plus arginine (Fig. 4) , indicating that a small amount of glucose is necessary for the utilization of arginine as a source of energy.
Our experiment for determining Y (arginine) was similar to the experiment of Bauchop and Elsden (2), modified as follows. We used four levels of arginine (2.87, 6 .05, 9.10, and 12.26 ,umoles/ml) and determined residual energy sources at each steady state. Our dilution rate was 0.24 to 0.25 hr-1, instead of 0.116 hr-'. The results ( Fig. 5; Table 3 ) indicate that increases in cell density beyond the first steady state resulted from utilization of the added arginine. The increase in cell density from 272.7 to 285 ,ug/ml was not proportional to the increase in arginine, indicating that some nutrient other than arginine became the growth-limiting factor, and that data obtained with concentrations of arginine higher than 9.1 ,moles/ml should not be used in calculating Y (arginine). The average of apparent Y (arginine) values corresponding to concentrations of arginine up to 9.1 ,umoles/ml ( 
DISCUSSION
Autolysis after the occurrence of maximal bacterial populations can have pronounced influences on the estimations and subsequent interpretations of molar growth yields determined from batch cultures. Lysis has been observed after the occurrence of maximal population with various bacteria grown on limiting energy sources (12, 20, 21, 29) . We have studied and explained this autolysis with regard to S. diacetilactis, and have observed that it does not occur with cells grown on galactose, lactose, maltose, or at 17 C on glucose (21). Our results indicated that if chloramphenicol was added to logarithmically growing cells to stop them from growing prior to the depletion of glucose, the cells would be susceptible to lysis (21) . Thus, it seemed plausible that some lysis might occur simultaneously with growth during the logarithmic phase and influence cell yields. However, a comparison of the yields determined in this study ( the medium beingfed was replaced with original medium plus 9.0 ,umoles of arginine per ml. At point 3, the medium was replaced with medium containing no glucose and 9.0 ,umoles of arginine per ml. Dry weight was determined from a standard curve relating OD to dry weight. Apparently, opportunity for autolysis was greater in batch cultures than in continuous cultures, since in batch cultures the cell yield from galactose, on which lysis did not occur (21) maximal OD), the molar growth yield for glucose was 5 % greater in batch cultures than in a continuous culture, possibly attributable to faster growth and lower maintenance in the batch cultures.
Results indicated that S. diacetilactis DRCI did not utilize arginine or other constituents of HCM medium as energy sources and that there were no energy-yielding side reactions in its metabolism of glucose. These results and data on the fermentation balance in the metabolism of glucose by this organism (unpublished data) suggest that the fermentation of hexoses was homolactic, i.e., S. diacetilactis gained only 2 moles of ATP per mole of glucose or other fermentable hexose. Lactose and maltose (2.0 to 5.0 ,umoles/ml) resulted in molar growth yields that were about double those obtained with hexoses, suggesting that the glycosidic bond energy is lost in the metabolism of these disaccharides by S. diacetilactis. It is assumed that this organism hydrolyzes lactose by means of a hydrolytic enzyme, f-D-galactosidase, similar to E. coli (19) and S. lactis (6) , and that each mole of lactose yielded only 4 moles of ATP. S. diacetilactis apparently utilized for energy only half of the maltose molecule at low concentrations (0.5 to 1.5 ,umoles/ml). This is probably explained by our findings (21) which indicate that S. diacetilactis phosphorylyzes maltose with the formation of glucose and :-glucose-l-phosphate. (Fig. 3) , and at this dilution rate there was unused arginine in the supernatant fluid at each steady state (Table 3 ). The apparent Y (arginine) value calculated from our data at a dilution rate of 0.116 hr-1 without correction for unused arginine is 11.8. The quantities of arginine and citrulline that accumulated in the medium during the fifth steady state (Fig. 5) , when growth apparently was limited by some other nutrient, were smaller than expected (Table 3) . Possibly, excess arginine and citrulline were hydrolyzed only to ornithine and carbamylphosphate, both of which accumulated. These compounds were not detectable with the methods used for determining arginine and citrulline. Other possibilities are that carbamylphosphate was formed and hydrolyzed to CO2 and NH3 through an uncoupled reaction (activation of a shunt pathway bypassing the energyyielding steps), or that ATP produced in the usual manner was itself hydrolyzed by an adenosine triphosphatase. These results are similar to findings of Rosenberger and Elsden (27) , who found S. faecalis 6783 to continue producing lactic acid from glucose after growth was limited in a tryptophan-limiting medium. These findings emphasize the importance of establishing linearity between concentrations of the energy source and cell yields in determining molar growth yields. Results relating dry weight to glucose concentration determined with batch cultures in BEO medium gave a straight line that intercepts the Y axis above the origin (Fig. 2) . This positive value is too great to be attributed to the arginine present in the basal medium, and suggests that the basal medium contained some unknown compound that served as a source of energy.
In our study, the average Y (ATP) value, determined by using limiting concentrations of carbohydrates as sources of energy for homolactic acid bacteria, is 17.0 (range = 15.3 to 20.0). This value is close to the average Y (arginine) value of 17.8 determined with S. faecalis, but only about 53% of the theoretical value (33.3) calculated by Gunsalus and Shuster (10) .
There probably is a universally correct value for Y (ATP), but there are problems involved in making an accurate experimental determination of it. Bacteria growing with a limiting energy source direct a considerable amount of the energy they derive from catabolism of the substrate to maintenance, osmotic work, and other functions not concerned with synthesis of cell material. The amount of energy required for maintenance varies with growth rate and from one organism to another. (The apparent high yield of 20 g of dry weight per mole of ATP for S. lactis might indicate low maintenance for this organism.) Additionally, some of the energy source is incorporated into cell material. The homolactic acid bacteria used in our experiments have complex nutritional requirements and ferment glucose by the hexose diphosphate pathway; they use glucose almost exclusively as a source of energy. According to Harvey and Collins (13), S. diacetilactis that was growing with a limiting concentration of glucose incorporated only 3.3% of the metabolized glucose into cell material. Bauchop and Elsden (2) found S. faecalis to assimilate into cell material less than 1% of the glucose it metabolized. By plotting 1/observed yield versus 1/specific dilution rate, according to the method reported by Pirt (25) , we determined that the Y (glucose) value for S. diacetilactis DRCI, corrected for maintenance, is 42.0. This value, when corrected for the glucose incorporated into cell material (3.3%), becomes 43.4, corresponding to a corrected Y (ATP) value of 21.7. This value is about 25% greater than the values determined experimentally in this study, but only about two-thirds of the theoretical value calculated by Gunsalus and Shuster (10) .
